Two methods of environmental monitoring proposed for the salmon mariculture industry are compared and contrasted on the basis of scientific and cost-effectiveness criteria: a technique based on macrofaunal community structure and one using process-oriented sediment geochemistry. For this purpose, field sampling was confined to one salmon farm and a nearby reference site in the Bay of Fundy. Both methods produced significant differences between farm and reference sites, as well as meeting other appropriate scientific criteria. The geochemical method was based on field measurements of sedimentary Eh, by redox electrode, and sedimentary sulphide after fixing the sediment in a sulphur anti-oxidant buffer and ion analyses with Ag/Ag sulphide and combination reference electrode. Both measures can be completed in the field from the sampling vessel. Results suggested that the geochemical method was of significantly lower cost than the technique based on macrofaunal community structure. This is because of the lengthy laboratory time required to determine the identity and abundance of macrofaunal taxa. Both methods can categorize the sedimentary organic impact as normal, oxic, hypoxic, or anoxic, which depends ultimately on the dominant microflora present. This, in turn, depends on the rate of carbon reaching the sediment, as well as its utilization by biological and physical processes.
Introduction
Because there are numerous ways to field monitor the effects of organic enrichment, we have sought a procedure to select scientific information at minimum cost among possible alternatives. The operational criteria that we have used are presented in the introductory paper to the symposium. They include scientific factors such as defensibility and statistical validity, and resource management factors such as cost effectiveness and provision of relevant decision points helpful to better site management.
There are two general methods available in applied benthic ecology for monitoring organic enrichment resulting from salmon mariculture: structure-oriented methods that measure parts of ecosystem structure, such as macrofaunal diversity; and process-oriented methods that measure some aspect of ecosystem functioning, e.g. microbial metabolism in sediments or macrofaunal production. Both methods require measurement at treated and reference sites for comparison. Judging from the available literature (Weston, 1990; Warwick and Clarke, 1991; Ferraro et al., 1994) , structural methods using macrofauna are used most frequently, despite the tacit admission by some authors (Ferraro et al., 1989; Ferraro and Cole, 1995; Olsgard et al., 1998) that sampling of benthos is a high-cost method. Nevertheless, attempts using sediment profile imaging have been made to render structural observations of sediments along an organic enrichment gradient more cost effective. This method depends on underwater photographs of the sedimentwater interface and a composite index scored on a suite of characteristics observed, e.g. the depth of the redox discontinuity layer Germano, 1982, 1986) . Sediment profile imaging has been used to monitor fish farms (O'Connor et al., 1989) and the composite index values have been scaled (Nilsson and Rosenberg, 1997) to the classical organic enrichment gradient of Pearson and Rosenberg (1978) .
Although comprehensive process studies have been conducted around marine fish farms (Holmer and Kristensen, 1992; Findlay and Watling, 1997) , no practical monitoring methods have emerged from this work. We suggest that process-oriented methods have been overlooked as a possible alternative means of environmental monitoring. Hargrave et al. (1997) compared structure-and process-oriented methods for detecting organic impacts near salmon farms and showed that total sulphide, benthic O 2 and CO 2 exchange, and Eh potential were the most sensitive measures of 20 variables tested. Wildish et al. (1999) proposed that the Eh and total sulphide of sediments are sufficient for practical monitoring purposes of mariculture in the Bay of Fundy.
The sediment directly under and adjacent to salmon net pens (near field) is the best location to monitor organic enrichment effects, although effects may also occur at some distance from the farm site (far field) owing to the transport of particulate wastes, if strong tidal and wind/wave driven currents are present. Near-field effects usually dominate because of the nature of the particulate waste inputs from the mariculture industry that include nutrients and microorganisms in faeces and uneaten food falling through the cage mesh to accumulate on the sediment below.
Our aim was to compare two methods of near-field benthic monitoring based on: (1) benthic macrofaunal community structure and (2) sediment geochemistry. The measurements were carried out at a reference site and at a farm site to determine if organic enrichment could be detected at the latter.
Materials and methods
The rationale for hypothesis testing by both methods is the same, i.e. that macrofaunal distributions or geochemical conditions for a reference site do not differ from a farm site (H 0 ). The alternative hypothesis is that there are differences between the reference and farm site (H 1 ) due to organic enrichment. All samples were collected in the vicinity of one salmon farm (45 05 N 67 02 W) on the same day (9 June 1999) using the ''Pandalus III'' as the sampling platform. The vessel was moored to an anchor buoy above where net pens were located before being moved in April 1999 to a new part of the lease (referred to as the farm site). The vessel then anchored about 200 m away from the nearest net-pen cage (termed the reference site). A SCUBA diver selected an apparently uniform sediment area and placed a 100 100 cm metal quadrat for sampling at both sites. Ten samples were taken, independently for macrofauna composition and sediment geochemistry, within the quadrat. Independent observers recorded the time (to the nearest minute for the flexible costs) required for field sampling and analysis. A preliminary sediment geochemical sample collection along a 50-m leadline (10 cores) laid by the SCUBA diver was made prior to moving the net pens on 12 March 1999.
Benthic macrofaunal sampling
Samples were collected by SCUBA diver carrying a hand-held, plexiglass, seawater-filled, wedge corer (Hargrave, 1969) . The sampler was pushed into the silt-clay sediment at both sites to a depth of 25 cm on the long side. When the sliding bottom closure was pushed into place, the sediment depth on the short side was 8 cm. The rectangular wedge corer had a sampling area of 17.5 15 cm, or 0.03 m 2 , and when inserted to 25-cm depth, sediment volume was 3.75 l. All samples taken at both sites were valid.
With the upper hinged lid in place, the diver brought the corer to the vessel where the contents were washed onto a sieve stand (5-and 1-mm square meshes) with running seawater also used in sieving. The collected animals were gently washed or picked into labelled, plastic buckets. A seawater solution of 5% formalin was placed in the buckets before they were sealed air tight with a lid.
In the laboratory, the samples were transferred to 30% ethanol and standard sorting procedures were used to identify for each replicate sample the macrofauna >1 mm 2 to the lowest possible taxon (species), the numerical abundance of each taxon, and the total biomass (alcohol wet weight, inclusive of non-living tissue such as valves).
Geochemical sampling
Core liner tubes made of plastic were 50 cm long 4.7 cm internal diameter, sampling a sediment surface area of 17.34 cm 2 . The walls of the tube had been drilled at 2-cm intervals in a spiral pattern so that each hole, covered by duct tape before use, would just allow insertion of a redox probe and a cut-off 5-cc plastic syringe. The diver filled each tube with seawater at the surface using a tight-fitting cap on both top and bottom. During sampling, both caps were removed and the core tube pushed as deeply as possible into the sediment to a maximum depth of 40 cm. The volume of sediment sampled to this depth was 0.19 l, and up to eight horizontal subsamples at different depths from the same core sample could be taken. At the surface, excess seawater was removed and analysis for Eh and sulphide concentration begun. Only the surface sediment layer (0-2 cm) was sampled. The tape was removed and a redox electrode inserted, allowing 2-10 min for the mV reading on the meter to stabilize. The electrode was removed from the hole and a 5-cc cutoff syringe was used to remove a sediment subsample. The sample was then extruded into a plastic vial containing 5 ml of sulphur anti-oxidant buffer (SAOB). Total sulphide content was measured with an Ag/Ag sulphide electrode and a combination reference electrode against a sodium sulphide standard as described in Hargrave et al. (1995) and Wildish et al. (1999) .
Cost effectiveness
The measure of cost used is the time to complete each phase of the work. The fixed costs include a small vessel suitable as a platform for SCUBA diving and providing a seawater hose and sieve stand for sampling macrofauna, and a sheltered part of the deck for geochemical analyses. The fixed costs are considered equal for the two monitoring methods and are not examined in further detail.
Flexible costs are the number of replicates that can be sampled and analysed per unit of time (number h 1 ) and include field costs associated with SCUBA diver preparation, collecting the samples, sieving and preserving macrofaunal samples and geochemical measurements by ion analysis to determine Eh and S = . Laboratory time costs for macrofaunal sampling include sorting, storage, preliminary identification, counting, and determination of biomass, but excludes final verification of species names or re-sorting as described by Ferraro et al. (1989) . Geochemical laboratory costs were limited to preparation of solutions and calibration as described in Wildish et al. (1999) .
Statistical analysis
Raw abundance data for benthic macrofauna, arranged in a two-way species-by-density matrix, were assessed using the PRIMER computer program (Plymouth Routines in Multivariate Ecological Research, version. 4.0). Data were analysed using univariate methods, distributional techniques and multivariate analysis. Standard diversity indices were employed to generate single summary statistics, with discrimination between sites being demonstrated by one-way analysis of variance (ANOVA), which tests the H 0 . Replicate samples were graphically summarized using average k-dominance curves (Lambshead et al., 1983 ) that rank the species in decreasing order of abundance, convert the values to percentage abundance relative to the total number of individuals, and plot the cumulated percentages against species rank. Multivariate methods were used to classify individual samples showing similar attributes into groups by initial hierarchical clustering, followed by ordination of samples using non-metric multidimensional scaling (MDS). Clarke and Warwick (1994) described the algorithm in detail. To undertake multivariate hypothesis testing for differences between groups of community samples defined a priori, ANI-SOM (Clarke, 1993) permutation testing was employed using the similarity matrix produced by clustering. Indicator species having the greatest contribution to the division of sites into clusters were determined using the similarity percentages (SIMPER) routine.
Because core subsamples were found to be uniformly anoxic with depth in the preliminary survey of March 1999, statistical analyses were limited to surface (0-2 cm depth) samples. Because of lack of normality in the distribution of Eh and sulphide measures, nonparametric testing was required. We used the MannWhitney U-test (Elliot, 1979) to test the null hypothesis that two independent and random samples are drawn from the same parent population and have the same median value.
Results
Macrofaunal community structure A suite of univariate diversity measures, including total number of taxa, Margalef species richness, ShannonWiener diversity and Pilou's evenness, indicated a consistent pattern. All summary statistics showed a substantial difference between sampling sites, with significantly lower diversity and evenness at the farm site compared to the reference site (Figure 1 ).
Universal features of community structure that indicate levels of biological stress were ascertained using k-dominance curves. The line for samples of the farm site was greatly elevated relative to the curve of the reference site, indicating biological stress (Figure 2) . The MDS plot (not shown) indicated that the distribution of replicate samples of the farm (n=10) and reference site (n=10) clustered separately, with the exception of one reference site sample that clustered with those of the farm site. In such plots, distances between points denote the relative similarity of samples, increasing inter-point distances designating greater dissimilarity and vice versa (Clarke and Warwick, 1994) . The MDS plot and ANISOM similarity testing (Clarke, 1993) revealed that samples from the farm and reference site had a significantly different community structure. It is uncertain if the single atypical sample represents natural variability or is due to a sampling artifact.
One-way analysis of variance tests for each of the diversity measures rejects H 0 that the two sampled populations have the same mean and variance. Other measures used, including graphical distribution plots and multivariate analysis, were consistent with this conclusion: there were significant differences in macrofaunal community structure at farm and reference sites.
Sediment geochemistry
The results of preliminary core sampling show (Figure 3 ) that farm site samples were highly reducing, with Eh< 100 mV in all samples and seven of nine samples with S = >6000 M (criteria for anoxia -see below). Therefore, the site was suitable for comparing an organically enriched location due to salmon mariculture with the nearby reference site.
Results of the quadrat study, three months after the net pens were moved to new locations within the lease, are given in Table 1 . Contrary to our expectationbecause locations were chosen where the sediment surface appeared to be uniform -both measures showed considerable heterogeneity within the quadrat. This is true of both farm and reference locations, as evidenced by high variance/mean ratios. Because of the suggestion of microscale contagion within the quadrat area, we could not assume that the repeated measures of Eh and sulphide were normally distributed and, consequently, used non-parametric statistics to compare them. The results show that H 0 is rejected at p<0.001 and, thus, that farm and reference samples have significantly different median and population characteristics. Nine of ten of the sample replicates at the farm quadrat met the criteria for anoxia both for Eh and sulphide.
Organic enrichment index
We propose a numerical index of organic enrichment based on Eh and sulphide measurements for Bay of Fundy conditions (e.g. Hargrave et al., 1995 Hargrave et al., , 1997 Wildish et al., 1999) that could be linked to organic enrichment gradient classifications previously published. These are based on pulpmill and sewage wastes in marine or estuarine sediments. The classification of Poole et al. (1978) is based primarily on the presence/ absence of aerobic and anaerobic microorganisms, while that of Pearson and Rosenberg (1978) is based on the presence/absence of benthic macrofaunal species and species/abundance/biomass (SAB) curves. We also include the sediment profile imaging criteria devised by Nilsson and Rosenberg (1997) . The qualitative criteria used within the Bay of Fundy salmonid mariculture industry to designate three organic enrichment gradient groups (Anon., 1995) have also been used as a guide in setting boundary limits. The new organic enrichment index (Table 2) is based on the four categories used in earlier work, and use of the less emotive names of Poole et al. (1978) . The sediment geochemical limits may need to be adjusted after further experience with the method to improve the concordance between each of the independent measures included in Table 2 .
Based on the geochemical and macrofaunal data presented here, the farm site qualified as anoxic and the reference site as hypoxic. The species of macrofauna present at the two sampling locations (Table 3) reflect this. Thus, only the sludge worm (Capitella capitata) was present in all ten replicate samples for the farm site, with other dominants absent. By contrast, the reference site had at least 12 species, inclusive of co-dominant polychaetes, a nemertean and two species of bivalves. C. capitata was present in only two replicate samples at the reference site, where the dominant polychaete was Mediomastus ambiseta. Pearson and Rosenberg (1978) consider that the anoxic zone is indicated by a total absence of macrofauna. This may have been the case when the farm site was producing particulate wastes, but apparently C. capitata had recolonized the area after sea-pen removal. The second most abundant species at the farm site was Mytilus edulis (present in four subsamples), perhaps dislodged from nets and lines when the sea pens were removed. The other eight species identified at the farm site were rare. An alternative to this temporal explanation is a spatial one proposed in Pearson and Rosenberg (1978) as a generalized SAB response along an organic enrichment gradient. Macrofaunal species and abundance data showed that the farm site was dominated by opportunists and the reference site was a transition zone. Relating this to Pearson and Rosenberg (1978) , we propose that the threshold between anoxic and hypoxic occurs just before the peak of opportunistic species. If the spatial hypothesis of Pearson and Rosenberg (1978) is correct, then both farm and reference sites are within the hypoxic zone.
Cost estimate
The flexible time costs associated with field sampling and laboratory analysis for benthic macrofaunal distribution were significantly greater than those required for sediment geochemical measures, for which little laboratory time was required as all analyses are completed in the field (Table 4) . On average, 0.32 and 0.26 macrofaunal samples could be processed per hour at the farm and reference site, respectively, vs. 6.82 and 5.94 samples per hour for sediment geochemistry. For the two sites combined, 22 geochemical samples could be processed in the same time as one macrofauna sample.
Discussion
The question is whether the two methods of monitoring chosen for comparison meet the criteria outlined in the introduction. We consider that any contending method must meet criteria of scientific defensibility, statistical validity, and provision of relevant decision points. This leaves a practical choice to be made on the basis of comparative cost effectiveness. A scientific understanding of organic enrichment as both a process and a structuring factor in benthic macrofaunal communities of marine or estuarine sediments does exist. The relevant literature, a brief review of which is presented elsewhere (Wildish et al., 1999) , establishes a satisfactory scientific basis, or defensibility for the support of monitoring methods based both on macrofaunal community analyses and sediment geochemical process studies.
With respect to statistical validation, a requirement is that the monitoring method can be used for hypothesis testing by inferential experimentation. In the example presented, we have shown how statistically valid differences between a farm and reference site can be Besides, a successful environmental monitoring method must be practically useful in triggering farm management practices that lead to improvements in environmental condition or minimization of organic enrichment effects. This is the common purpose of many environmental monitoring programmes where less emphasis, and hence less reference sampling, is placed on rigorously establishing differences (as we do here), and more on when and where the organic enrichment effects are occurring (practical monitoring; Wildish et al., 1999) . Both macrofaunal community structure and sediment geochemical results can be used in constructing an organic enrichment index (Table 2 ) along which relevant decision points can be used as triggers to change farm husbandry practices in such a way as to minimize organic enrichment effects. Our earlier results with the sediment geochemical method (Hargrave et al., 1997; Wildish et al., 1999) throughout the salmon mariculture industry of the Bay of Fundy establishes that it is applicable here. Its value in other sediments and, in particular, its power to predict the organic enrichment groups (Table 2) remains to be determined.
We conclude that both benthic macrofaunal community analysis and sediment geochemistry provide adequate scientific and environmental information of value to good husbandry practices. With regard to cost effectiveness, however, it is clear that sediment geochemical methods are superior (Table 4) . One clear advantage of the latter is the speedier availability of results -same day vs. later by weeks/months for the former. The time needed to train a person in Eh and sulphide measurement vs. one in macrofaunal taxonomy is also considerably less. Because of geographic variability in species composition, the skills required are also less transportable. 
